Taguchi methods are used widely as the basis for development trials during industrial process design. Here, we describe their suitability for optimisation of the PCR. Unlike conventional strategies, these arrays revealed the effects and interactions of specific reaction components simultaneously using just a few reactions, negating the need for extensive experimental investigation. Reaction components which effected product yield were easily determined. In addition, this technique was applied to the qualitative investigation of RAPD-PCR profiles, where optimisation of the size and distribution of a number of products was determined.
INTRODUCTION
The amplification of specific regions of DNA from complex target sequences using the polymerase chain reaction (PCR) is fundamental to many molecular techniques. It has rapidly become a powerful tool in molecular genetic diagnostics (1, 2, 3) , and forms the foundation of a range of laboratory procedures including cDNA cloning (4), mutagenesis (5) , DNA sequencing (6) , gene walking (7) and more recently in situ hybridisation (8) .
Although the basic method is well documented (9) , transferring protocols between different thermocyclers and the development of novel applications requires investigation of a range of reaction components, all of which may alter yield, specificity or reaction fidelity. Sub-optimal conditions may promote the appearance of PCR artefacts such as dimerisation, misincorporation and mismatch extension of primer template duplexes. Optimisation generally relies on the sequential investigation of each reaction variable, an approach that leads to prohibitively large optimisation experiments in order to include all possible combinations. In practice, the optimum conditions are rarely identified.
We describe an optimisation strategy based on modified methods from Taguchi (10) and Taguchi and Wu (11) , which circumvents many of the problems associated with conventional optimisation strategies (12) . Taguchi methods have found widespread use in industrial process design, principally in development trials, where they are used to generate enough process information to establish the optimal conditions for a particular process, using the minimal number of experiments possible.
Taguchi uses a number of progressive trials. An initial experiment is often used to examine many factors in order to identify those that have a major effect. These 'control factors' are then used to predict a combination that will lead to optimal performance. If these results are satisfactory then further experiments are unnecessary. However, further improvement may be achieved with subsequent trials using a narrower range of settings for each control factor.
These basic principles are also broadly applicable to the PCR, serving as a screening filter which can examine the effects of many reaction components, identifying those factors which have principle effects on amplification using a single trial with few reactions. For example, optimisation experiments would normally require each variable to be tested independently. Thus a trial investigating the effects and interactions of four reaction components (control factors) each at three concentration levels, would require an experiment with 81 (i.e. 3 4 ) separate reactions. Using Taguchi methods an estimate of the effect of each component could be carried out using just nine reactions. Providing that three concentrations are used for each reaction component tested, the number of experiments required (E) is calculated from the equation E = 2k + 1, where k is the number of factors to be tested. If the calculated number is not a multiple of three, then the required number is the next multiple. Hence, as the number of components to be tested is increased, the reduction in the number of experiments necessary becomes more marked; e.g. to test 9 factors would require 19683 experiments (3 9 ) to analyse fully, whereas using Taguchi methods this could be reduced to just 21 (2x9 + 1 = 19, next integer divisible by three is 21).
In the Taguchi method, factors which are thought likely to effect the process are arranged into an orthogonal array (Table  1) . With the PCR, each column would represent individual reaction components, and each row would represent individual reaction vessels. Each component occurs at one of three predetermined levels (A, B and C) chosen such that they are sufficiently separated so that their effects on the reaction can be determined. However, some prior knowledge may also be *To whom correspondence should be addressed (Table 1) .
Using the Taguchi method, the product yield for each reaction is used to estimate the effects of individual components on amplification. This is done using quadratic loss functions which Taguchi refers to as signal-to-noise ratios (10) (11) (12) . These mathematically penalise small deviations from a theoretical target. Generally, the theoretical target of the PCR is to increase the product yield so that it is as large as possible. Under these circumstances Taguchi recommends the quadratic loss function;
where SNL is the signal-to-noise ratio, n is the number of levels and v is the yield. For each component the optimal conditions are those that give the largest SNL. The reaction can be further refined by using polynomial regression from the SNL values for each component to obtain curves whose maximum represent the reaction optima.
Optimisation of a standard reaction using these principles was tested. A pair of primers designed from published sequence data of a gene encoding a chemoelastase prl (13) , were used to amplify a 700 bp prl fragment from the entomopathogenic fiingus Metarhizium anisopliae.
Some PCR methods rely partly on a qualitative interpretation of the product profile. RAPD-PCR has been widely used to detect DNA sequence polymorphism in a number of organisms (14) (15) . Additionally, tightly linked RAPD-markers have been used to detect breeding lines containing specific gene blocks, facilitating marker-based selection and detection of cryptic genotypes (16) (17) (18) . Typically, single arbitrary oligonucleotide primers of between 10 and 40 bases are used to generate a series of amplification products, the size and distribution of these products relating to specific strain characteristics. In a second investigation, a series of RAPDs from M. anisopliae were generated using a single random sequence 10 bp primer, in order to establish the reaction optima for specific profile characteristics.
MATERIALS AND METHODS

PCR amplification of prl from M.anisopliae
Reactions were carried out in a final volume of 25 /il containing 10 mM Tris-HCl (pH 8.3), 50 mM KC1 and 0.5 units of Tag polymerase (Promega, Madison, USA). MgCl 2 , dNTP, primer and template DNA concentrations are shown in Table 2 .0. Amplification of prl was achieved using a pair of primers based on published sequence (13), 5'-gggAgATCTgCTACCAggAgCgAAATATC-3' and 5'-gggAgATCTgAgCACgCCTTCCATgggTTT-3', using an Omnigene thermocycler (Hybaid, UK) through 2 template annealing cycles of 94 °C for 30 s, 55 °C for 30 s and 72°C for 1 min and 38 amplification cycles of 94°C for 5 s, 55°C for 30 s and 72°C for 1 min. Reactions were given a final soak of 72 C C for 5 min. Each reaction was carried out in triplicate.
RAPD-PCR conditions
Reactions were carried out in a final volume of 25 /il containing 10 mM Tris-HCl (pH 8.3), 50 mM KC1 and 0.5 units of Taq polymerase (Promega, Madison, USA). MgCl 2 , dNTP, primer and template DNA concentrations are shown in Table 2 .0. RAPDs were amplified using primer OPA08 5'-gTgACgTAgg-3' (Operon Technologies, Almeda, USA) using a Omnigene thermocycler (Hybaid, UK) through 2 template annealing cycles of 94°C for 30 s, 32°C for 30 s and 72°C for 1 min and 42 amplification cycles of 94°C for 5 s, 34°C for 30 s and 72°C for 1 min. Reactions were given a final soak of 72°C for 5 min. Each reaction was performed once.
Visualisation and analysis of PCR products 20 /tl of PCR product was loaded with 1X loading buffer (0.25 % bromophenol blue, 0.25% xylene cynol FF, 30% glycerol in water) onto a 1.4% agarose gel and run in 1 X TBE at 60 mA constant current. The amplification products were visualised under ultra violet light (305 run) by staining with ethidium bromide for 20 min and destaining in distilled water for 10 min.
The agarose gels were then photographed, scanned and analysed using NIH image 1.52 (Apple Macintosh) to obtain a density profile of products across the gel. The relative peak areas for the prl fragment were then calculated and used to represent the relative product yield.
Product yields for each of the nine reaction vessels were subsequently used to determine component effects. Signal-to-noise ratios were calculated using amplification yields for components Table 4 . Signal-to-noise ratios (SNL) for reaction components used for the amplification of prl calculated using pooled product yields Product yields are represented by the peak area. These were obtained by plotting a density profile of the agarose gel using image analysing software. 1* the SNL analysis requires that the minimum product yield is 1. at each concentration level from reactions containing those components at each specified concentration. For example, the SNL ratio for MgCl 2 at 0.5 mM (level A in Each number is calculated using amplification yields for reactions containing each component at concentration levels A, B, or C. Maximum SNL ratios are highlighted.
calculated using the yields from reactions 1, 6 and 8 [reaction component (3) in Table la] . These responses were then used to estimate the optimum reaction conditions by choosing levels which maximised SNL according to the polynomial regression curve y -mx + mx 2 + c. RAPD products were scored according to a desired characteristic. In this study the largest number of scorable bands covering the greatest size range was optimal as larger products are easier to size without resorting to polyacrylamide gel electrophoresis. RAPD profiles were scored according to the equation P = (rXs) + 1, where P is the product yield, r is the number of products and s is the size range which was either up to 1 kb (s = 1) or up to 2 kb (s = 2); this introduces a yield bias for products of higher molecular weights. Reactions giving a smear of amplification products or no amplification at all were given a score of 1. These scores were then used as target yields to calculate SNL which were then used to estimate the optimal reaction conditions as above.
RESULTS
prl amplification
In each of the nine reactions a 700 bp prl fragment was amplified, although product yield varied considerably. Each reaction was carried out in triplicate and the photograph of the ethidium stained gel was scanned and the product yield expressed quantitatively ( Figure 1 and Table 3 ). There was little variation between replicates for each treatment. The mean yield for each reaction was used to calculate the SNL for each component level (Table  4) . These were then used to estimate the optimal reaction conditions by calculating individual component curves using regression analysis ( Figure 2 ); these were determined as 7.5 pmoles primer, 4 ng target DNA, 2.5 mM MgCl 2 , 0.05 mM of each dNTP for amplification of prl from M.anisopliae.
Prior to optimisation prl was routinely amplified using 50 pmoles primer, 20 ng target DNA, 1.5 mM MgCl 2 and 0.1 mM of each dNTP. A comparison of the product yields obtained using these standard conditions compared to those obtained with the optimised reaction, clearly demonstrates a substantial increase in amplification (Figure 3) .
Additionally it was demonstrated that magnesium ion concentration altered the specificity of the reaction and that high Mg 2+ concentrations promoted amplification of spurious products (Figure 1) .
RAPD-PCR
The conditions necessary for RAPD amplification were found to be quite different to those required for amplification of a single product using homologous sequence primers. RAPDs were scored qualitatively according to the number and distribution of the products for each reaction (Table 5 ). This data was used to calculate SNL (Table 6 ) to establish the optimal reaction conditions using the same methods used fox prl; these were determined as 6.0 pmoles primer, 10 ng target DNA, 2.8 mM MgCl 2 , 0.25 mM of each dNTP.
The analysis of RAPD yield was biased towards amplification of DNA fragments with molecular weights of up to 2 kb. Each number represents amplification yields for reactions containing that component at concentration levels A, B or C. Table 6 . Signal-to-noise ratios (SNL) for reaction components used in RAPD amplification calculated using pooled products yields Each number is calculated using amplification yields for reactions containing each component at concentration levels A, B or C. Maximum SNL ratios are highlighted.
Changing the desired characteristics may also alter the optimal conditions necessary. For example, it was demonstrated that MgCl2 concentrations altered the size and distribution of products amplified in the RAPD profile (Figure 4 ). Magnesium ion concentration was shown to effect the size and distribution of RAPD products. As the concentration of available Mg 2+ ions was increased there was a shift from amplification of a number of large fragments towards amplification of a number of smaller fragments at the highest Mg 2+ concentrations tested.
DISCUSSION
A modified Taguchi method based on the use of orthogonal arrays was used successfully to determine the optimal conditions necessary for prl amplification, greatly increasing the product yield obtained under standard reaction conditions ( Figure 3 ). Using conventional strategies this would have required an experiment containing 81 separate reactions. However, using the Taguchi method optimisation was achieved using just nine reactions. In addition to optimising product yield, the Taguchi method was used to examine the effects of specific components on amplification. MgCl2 and dNTPs have been shown to affect the efficiency of priming and extension by altering the kinetics of association and disassociation of primer-template duplexes at annealing and extension temperatures (19) (20) . These components are also involved in altering the efficiency with which polymerase recognises and extends such duplexes (21) . Concentrations of MgCl 2 and dNTPs required for optimal amplification depends largely on the target and primer sequences, with the three nucleotides at the 3' end of the primer having a major effect on the efficiency of mismatch extension. Certain mismatch nucleotide combinations may be amplified more efficiently under certain reaction conditions than others (20) . The presence of excess magnesium in a reaction may result in the accumulation of non-specific amplification products and insufficient concentrations reduce product yield. Furthermore, it has been demonstrated that deoxynucleotide triphosphates quantitatively bind Mg 2+ , so that any modification of dNTP concentration will require a compensatory adjustment of MgCl 2 (9) . Therefore, it is essential to optimise individual reactions, not only to reduce amplification of spurious reaction products (which would otherwise interfere with further product processing), but also to increase product yield by decreasing the competition for primer and nucleotides.
The results obtained for prl amplification demonstrated that high concentrations of MgCl 2 and dNTPs promoted amplification of spurious products (Figure 1) . Under certain circumstances it may be preferable to encourage such mismatch extensions. For example, the amplification of products using consensus primers depends on a degree of degenerate complimentarity. Rather than reducing the annealing temperature, which would promote amplification of dimers, adjustment of Mg 2+ availability is often used to increase the likelihood of targeted amplification (9) . Once again the Taguchi method may offer a quick and reliable strategy for reaction optimisation.
Two general assumptions that are made for this method are that the optimal level for a PCR component lies within the range tested and does not form a discrete, tightly defined peak within the range tested but not represented by one of the levels used. The choice of absolute values to be tested for each component depends to some extent on prior knowledge of PCR amplification from that target DNA or idiosyncratic primer pairs. Orthogonal arrays are frequently used in the Taguchi method to progressively define optima; this principle could also be applied to PCR by using a relatively wide range of values in the first array, followed by a second narrow range array. An alternative approach would be to use an array where each PCR component is tested at 4 rather than 3 levels.
In this study the optimum values for each component were chosen as those which, by regression analysis, gave the maximum SNL ratios. However, there may be other factors, e.g. cost, that may be taken into account in deciding on the level of a particular PCR component to be used.
RAPD-PCR established two key reaction-limiting components, these were high concentrations of target DNA and low concentrations of nucleotides. It was demonstrated that Mg 2+ concentration was a key element in determining the size distribution and number of RAPD products in the amplification profile (Figure 4) . This has also been demonstrated by other workers using a traditional experimental design (21) . Higher Mg 2+ availability decreased the number and size of amplification products in the RAPD profile. Decreasing the Mg 2+ availability increased the size and number of products. Wolff et al. (21) demonstrated that the concentration of magnesium required for optimal RAPD amplification was dependant on the primer sequence used. Maximisation of primertemplate interaction therefore requires optimisation of Mg 2+ availability.
CONCLUSIONS
The Taguchi methods have the advantage of investigating the effects of a number of variables and the interactions between them in a single experiment containing a few reactions. This greatly reduces the number of experiments required compared to classical designs and standard factorial arrays. Since interactions between key components can be investigated, those component-effects which are generally reaction-specific can be elucidated. Certain reaction variables may also be fixed, with subsequent optimisation of the reaction centred around those variables. For example, maintaining high annealing temperatures reduces the level of spurious amplifications. Reducing the amount of Taq polymerase used in each reaction could also be cost-effective.
